A new simultaneous flow injection determination of vanadium(IV) and vanadium(V) has been proposed with photometric detection. The method is based on the effect of ligands on the formal redox potential of the iron(III)/iron(II) system. The potential of the redox system increases due to the presence of 1,10-phenanthroline (phen); vanadium(IV) is thus easily oxidized by iron(III) to vanadium(V), producing an Iron(II)-phen complex (Amax=510 nm). On the other hand, the presence of diphosphate causes an increase in the reducing power of iron(II) because of a decrease in the potential of the system. Thus, the reduction of vanadium(V) by iron(II) takes place easily. By using an FIA system and measuring the absorbance of the complex at 510 nm, the simultaneous determination of vanadium(IV) and vanadium(V) is possible based on both reactions. The proposed method makes it possible to obtain both positive and negative FIA peaks corresponding to the concentrations of vanadium(IV) and vanadium(V) alternatively by a single injection of the sample solution. Vanadium(IV) and vanadium(V) at the 10-6 mol dm3 level can be determined at a rate of 30 samples h-1(60 peaks h-1).
The chemical speciation of trace metals has been increasingly required in various fields.l,2 The simultaneous determination of several ingredients has also been needed in areas such as clinical chemistry, environmental pollution and industrial control. 3 Vanadium is present as tetravalent and pentavalent states in natural water.4'5 Since vanadium(IV) and vanadium(V) have different toxic and nutritional properties6'7, the development of the fractional and/or simultaneous determinations of vanadium(IV) and vanadium(V) is worthwhile. Recently, Hirayama et al. 8 reported a procedure for the mutual separation and preconcentration of vanadium(IV) and vanadium(V) using chelating functional group immobilized silica gels; the procedure was followed by inductively coupled plasma atomic emission spectrometric detection. Nakano et al. 9 proposed the fractional determination of nanogram amounts of vanadium(IV) and vanadium(V) based on the catalytic method10 combined with the solvent extraction procedures for both ions with N cinnamoyl-N-(2,3xylyl)hydroxylamine11,12 into toluene at different pH.
On the other hand, flow injection analysis (FIA) is widely used as a simple and convenient approach to rapid analyses13, and the FIA instruments provide the simultaneous determination of several species.3 Several FIA methods have been reported for the simultaneous determination of two species containing vanadium. 1416 However, the simultaneous determinations of vanadium(IV) and vanadium(V) are few. Patel et a114 reported an on-line procedure for the preconcentration of vanadium(V) and the characterization of both species using silica bonded ion exchange resins, followed by flow injection-flame atomic absorption spectrometry.
In a redox reaction of metal ions, the presence of a complexing agent modifies the potential of a redox system.17 By using this phenomenon we have developed new methods for the potentiometric titration of metal ions.ls,19 For example, vanadium(V) could be determined potentiometrically with iron(II) in the presence of diphosphate.19 Copper(II) was easily reduced by iron(II) and/or vanadium(IV) to copper(I) in the presence of neocuproine together with diphosphate, producing a copper(I)-neocuproine complex (2max-454 nm).2o,21 The simultaneous FIA determination of iron(II) and vanadium(IV) with photometric detection has been developed based on these reactions. 22 We have also reported a short communication concerning a novel simultaneous FIA determination of vanadium(IV) and vanadium(V).23 The principle of the method is based on t Presented at the ASIANALYSIS II , August 9 -13, 1993, Changchun, China. tt To whom correspondence should be addressed.
the redox reactions of vanadium(IV) with iron(III) and vanadium(V) with iron(II) in the presence of 1,10phenanthroline (phen) and diphosphate, respectively. In the present work, several conditions of the method are presented in more detail; the proposed method was evaluated by measuring various concentration ratios of the two species.
Experimental

Reagents
Stock solutions of iron(II), iron(III), vanadium(IV) and vanadium(V) (1X102 .mol dmr3) were prepared and the concentrations of these metal ions were standardized as described previously.ls,l9 Phen solution (0.1 mol dm 3) was prepared by dissolving the reagent (Dojindo Labs.) in 0.1 mol dm3 sulfuric acid. A diphosphate solution was prepared as described previously.18 Working solutions of metal ions and ligands were prepared by suitable dilution with water.
All of the reagents used were of analytical grade. The water used to prepare the solutions was purified with a Milli-Q PLUS water system (Millipore).
Apparatus
A schematic flow diagram for the simultaneous determination of vanadium(IV) and vanadium(V) is shown in Fig. 1 . Two double-plunger micro pumps (Sanuki Kogyo, DM2M-1026) and a double six-way injection valve (Nihon Seimitsu Kagaku, NV-508-12M) were used to assemble the system. The flow lines were made from Teflon tubing (0.5 mm i.d.). The absorbance change was measured at 510 nm with a spectrophotometer (Soma Kogaku, S-3250) equipped with a 10-mm micro flow cell (8 µl) and recorded on a recorder (Chino, EB 22005). The pH of the waste solution was continuously monitored with a Corning Model 12 pH/mV meter.
Procedure
In the flow system ( Fig. 1 ), a water carrier solution (C), an acetate buffer solution in reservoir R1, an equimolar mixture of iron(II) and iron(III) in reservoir R2 and a phen solution in reservoir R3 were pumped at a flow rate of 1.0 cm3 min 1. A 400 µl of sample solution containing vanadium(IV) and vanadium(V) and a 100 sl of a mixture of diphosphate and acetate buffer solution were loaded into SL and RL, respectively. The sample solution and the diphosphate solution were injected into two separate streams so that the former and the latter were passed through a 0.1 m long coil (C1) and a 1.5 m long delay coil (C2), respectively. By monitoring the absorbance of the iron(II)-phen complex at 510 nm, both positive and negative FIA peaks for vanadium(IV) and vanadium(V) were obtained by a single injection.
Results and Discussion
Redox reaction of iron(III) with vanadium(IV) in the presence of phen The equilibrium constant of the redox reaction of iron(III) with vanadium(IV),
can be written as
0.059 ' (2) where EFe (0.77 V vs. NHE) and E°v (1.00 vs. NHE) are the standard redox potentials of the Fe"/Fell and Vv/Vlv systems, respectively. The equilibrium constant Kv_Fe is calculated to be 10at pH=O. The reduction of iron(III) with vanadium(IV) would not proceed in a strong acidic medium. The formal potential of the V''/V1" system E(H) decreases with increasing pH of the solution as represented by 
If phen forms complexes with iron(II) and iron(III), the conditional redox potential of the F&"/Fell system can be written as 
where a denotes the side reaction coefficient taking into account the complex formation of iron(II) and iron(III) with phen, e.g., aFe"(phen)-l+I/3n(Fe"(phen)) [phen]n with JQn(Fe"(phen))-[Fe"(phen)n][Fe]-1[phen]-n (n=1,2,3), CFei" and CFe are the total concentrations of iron(III) and iron(II), respectively. The potential of the Fe/F&1 system increases due to the presence of phen, forming the iron(II)-phen complex because log /33 of the iron(II)phen complex (21.3) is higher than that of the iron(III)phen complex (14. 1).24 If phen is added to the redox system of Eq. (1), the conditional constant Kv_Fe becomes larger and the reduction of iron(III) with vanadium(IV) should be favored. It was confirmed that this reaction occurred instantaneously at a pH of ca. 5. Iron(II) produced by this reaction reacts with phen to form a red iron(II)-phen complex ().max=510 nm). Thus, vanadium(IV) can be determined by measuring the absorbance of the complex which shows a positive FIA signal at 510 nm.
Redox reaction of iron(II) with vanadium(V) in the presence of dphosp hate The effect of ligands on the redox reaction of iron(II) with vanadium(V) (Eq. (7)) has been examined potentiometrically:19
KFe-V Fe2+ + V02+ + 2H+ Fe3+ + V02+ + H2O.
The redox reaction should be favored due to the formation of more stable complexes with iron(III) than with iron(II) and/or with vanadium(IV) than with vanadium(V). The formal potential of the Fe111/Fe11 system was sufficiently lower than that of the VV/V1v system in the presence of diphosphate over the wide pH range 1-8. Thus, the oxidation of iran(II) with vanadium(V) takes place easily. In this case, the absorbance of the iron(II)-phen complex at 510 nm decreases with increasing the concentration of vanadium(V) because of the consumption of iron(II) with vanadium(V), and the determination of vanadium(V) is possible from a decrease in the absorbance of the complex at 510 nm.
Effect of reaction variables for the simultaneous determination of vanadium(IV) and vanadium(V) Vanadium(IV) and vanadium(V) can be determined by using the reactions of Eqs. (1) and (7) , respectively. In the FIA system as shown in Fig. 1 the baseline absorbance is kept constant as a result of the complex formation of the iron(II)-phen complex in the reaction coil RC2 (2 m long). Figure 2 shows a successive merging profile of the sample solution (V1v,v) with the iron(II, III), phen and diphosphate solutions when the sample and diphosphate solutions are injected into water and buffer streams, respectively. The phen stream merges into the front of a mixed sample zone, and the reduction of iron(III) with vanadium(IV) proceeds in RC2. The diphosphate zone which passed through the delay coil (1.5 m long) merges into the rear of the sample zone, and the oxidation of iron(II) with vanadium(V) proceeds in RC1. By monitoring the absorbance of the iron(II)-phen complex at 510 nm, both positive and negative FIA peaks corresponding to the concentrations of vanadium(IV) and vanadium(V) are thus obtained by a single injection as shown in Fig. 3 . The amounts of vanadium(V) could be obtained by subtracting the blank peaks. The optimum conditions were studied by injecting an aliquot (400 µl) of an equimolar mixture of vanadium(IV) and vanadium(V) (total concentration of vanadium was 4X105 mol dm 3) into the FIA system in Fig. 1 . The lengths of reaction coils, RC1 (0.2 m) and RC2 (2 m), were used according to the previous results.23 All measurements were carried out at room temperature. The effect of the pH was examined over the range 3 -6. The results are shown in Fig. 4 . The positive peak height for vanadium(IV) gradually increased with increasing the pH of the solution up to 5.0, and was almost constant in the pH range 5.0 -5.8, decreasing at higher pH values. The negative peak for vanadium(V) gradually decreased with increasing pH up to 4.6, and remained constant in the pH range 4.6 -5.5. The negative peak height rapidly decreased at pH higher than 5.9 because of the decrease in the baseline absorbance of the iron(II)-phen complex. A pH of around 5 was selected for the procedure because the heights of positive and negative peaks were almost same at this pH.
The effect of the total iron(II, III) concentration was examined by propelling an equimolar mixture of iron(II) and iron(III) in reservoir R2. The positive peak gradually increased with increasing the total iron(II, III) concentration up to 3X104 mol dm-3; a constant peak height was obtained over the concentration range 3X 10-4 -8X104 mol dm 3. The negative peak height was not seriously affected by the concentration of iron(II, III) up to 3X104 mol dm 3, and gradually decreased with increasing the iron(II, III) concentration beyond 3X 10-4 mol dm 3. In this case the base-line increased with increasing the iron(II, III) concentration as a result of the complex formation of the iron(II)-phen and became unstable. A 1X104 -mol dm 3 iron(II, III) concentration was chosen for the procedure.
The effect of the phen concentration was examined over the range 6X105 --1X102 -mol dm 3 at a constant concentration of diphosphate (2X10-3 mol dm 3). As is shown in Fig. 5 , both positive and negative peaks rapidly increased with increasing phen concentration, and were slightly affected at the phen concentrations higher than 3X104 mol dm 3. A 2X103 mol dm-3 phen concentration was selected.
The effect of the diphosphate concentration loaded into RU was examined over the range 1X104 --1X102 . mol dm-3 at a constant concentration of phen (2X103 mol dm~3). The positive peak height gradually decreased with increasing the diphosphate concentration. While the negative peak height was maximum and constant over the diphosphate concentration range Fig. 4 Effect of pH on the FIA peak heights vanadium(IV) and vanadium(V). Positive peak vanadium(IV) (0); negative peak for vanadium(V) The broken line denotes the baseline. Conditions Conditions as in Fig. 1 . Fig. 6 Effect of diphosphate concentration on the FIA peak heights for vanadium(IV) (0) and vanadium(V) (•). The broken line denotes the base line. Conditions as in Fig. 1 .
2X103 -1X102 -mol dm 3. Calibration graphs and simultaneous analysis of synthetic mixtures Calibration graphs for vanadium(IV) and vanadium(V) were prepared by injecting equimolar mixed sample solutions of both ions into the FIA system ( Fig. 1) . A calibration graph for vanadium(V) was prepared by considering the blank peaks. The negative blank peak was observed by injecting the diphosphate solution into the buffer stream since the redox potential of the Fe"/Fe" system decreases when the diphosphate solution merges with the iron(II, III) stream. This phenomenon is attributable to the oxidation of iron(II) to iron(III) by dissolved oxygen. With increasing the concentration of vanadium(IV) the magnitude of the blank peak decreased, which is easily calibrated preliminarily. Calibration graphs for vanadium(IV) and vanadium(V) were linear over the range 1X106 --2X105 mol dm 3, respectively. The reproducibility of the method was satisfactory with the relative standard deviations of 1.1 and 1.2% for ten determinations of 5X106 mol dm-3 vanadium(IV) and vanadium(V), respectively. The proposed method permits the determination of 30 samples h-1(60 peaks h-1).
The simultaneous determination of vanadium(IV) and vanadium(V) was carried out for the synthetic mixtures with various concentration ratios. The recovery of vanadium(IV) was found to be satisfactory even when a 100-fold excess of vanadium(V) was present, and vice versa as shown in Fig. 7 .
Interferences
The effect of foreign ions on the simultaneous determination of an equimolar mixture of vanadium(IV) and vanadium(V) (total concentration of vanadium is 4X 10-5 mol dm 3) was examined. The tolerance limit was estimated with a relative error of ±5%. The results are summarized in Table 1 . Reducing agents such as hydroquinone and cysteine gave positive errors for vanadium(IV) because of the reduction of iron(III) with these compounds in the presence of phen. Chromium-(VI) caused serious negative interference for vanadium(IV) and, on the contrary, caused positive one for vanadium(V) due to the consumption of iron(II). Chromium(III), however, did not interfere with the determination of vanadium(IV) even at a 200-fold excess over vanadium(IV). Thus, the determination of only chromium(VI) would be possible in the presence of excess chromium(III). A redox couple of quinone/ hydroquinone would also be determined. The details will be published elsewhere. 
